We have designed a linear accelerator to accelerate negative hydrogen ions to 50 MeV with an instantaneous output current of 100 mA and a normalized rms emittance in both transverse planes of 0.02wr cm-mrad. The design and results obtained to date with a 2-MeV prototype are presented.
I. INTRODUCTION
Negatively charged hydrogen isotope accelerators have the following advantages. They simplify injection with phase-space matching into proton synchrotrons where the electrons are stripped from the Hto form H+ during injection; they are useful for beam phase-space tailoring by stripping electrons from H-; and they can test beam-dynamics theories with high-current, low-emittance beams.
We show a design for a 100-mA, 50-MeV H-linac, starting with the ion source and ending with a drifttube linac (DTL). We describe the motivation for the various design features used, and give an elementary description of the theory of operation for the ion source and for the radio-frequency quadrupole (RFQ).
Problems as well as cures are detailed.
II. OVERVIEW Figure 1 shows a schematic of the 50-MeV accelerator. The accelerator begins with an ion source that produces H-ions extracted at 20 keV. This is followed by a low-energy beam-transport section (LEBT) that includes a high-voltage column to accelerate the beam to 100 keV and solenoid magnets to match the beam to the RFQ. (Note that one can only approximately match a beam from a spatially varying transport system to a time-varying device.) The RFQ, which provides transverse focusing with time-varying quadrupole fields, accelerates the beam from 100 keV to 5 MeV (2 MeV in our prototype). The beam then enters a DTL and is accelerated to 50 MeV. There is a very short matching section between the RFQ and the DTL; matching between these two devices is facilitated by setting the initial transverse phase advance in the DTL equal to that at the exit of the RFQ. (Fig. 2) is adapted from the design by Dudnikov.1,2 This source has produced a pulsed H-current of 170 rmA with an extracted normalized rms emittance of 0.02 x 0.002 (w cm-mrad)2. Electrons are emitted from the cathode and are accelerated towards the anode. A magnetic field, parallel to the electric field between the anode and cathode, contains the electron orbits so that the electrons enter the arc region. The electrons then drift in the arc region and scatter off the neutral hydrogen gas, ionizing the gas and forming H+ ions., The electrons then proceed toward the other cathode. Because of energy loss due to scattering, electrons cannot reach the other cathode and are contained in the arc region where they continue to ionize the hydrogen gas before finally drifting to the anode. The H+ ions are accelerated to the cathode and, on impact with the cathode, release secondary electrons. The H+ ions must reach the cathode to sustain the discharge; therefore, a magnetic field of about 0.2 T is necessary for the Larmor radius of the H+ ions to be less than the half-width of the anode chamber. The H+ ion energies are thought to be about 2 eV. Cesium is injected into the source to increase the H-output. The cesium increases the molydenum cathode's secondary electron emission coefficient from about 0.1 to about 5, and it increases the secondary H-ion emission coefficient from a low value to about 0.7. The H-is emitted from the cathode across a 60 V cathode-anode potential. The 60-eV H-ions then undergo resonant charge exchange with HO producing effective 2-eV H-ions. These ions then pass through the emission slit and are accelerated to 20 keV by the extractor. We are currently redesigning the ion source to achieve two goals: We will change the emission slit from a rectangular aperture to a circular aperture. We will increase the size of the arc region to greatly reduce the power loading on the cathode and anode, which should allow the source to run dc at high current levels.
We have observed coherent oscillations of various frequencies in the discharge voltage in the source. 3 We are developing an ion acoustic model4 to explain the reason for these oscillations.
0018-9499/83/0400-1408$01 .00OC 1983 IEEE
where f is the oscillation frequency, n is an integer, EMx is the electron energy at the maximum of the electron velocity distribution, L is the cathode-tocathode spacing, and M is the ion mass. We have some experimental verification for this model. Figure 3 shows the parameters that were varied in the study, and Table I The LEBT is shown in Fig. 1 . This section takes the 20-keV extracted beam from the source, focuses it into an 80 kV column, and matches the resulting 100-keV beam into the RFQ. The present LEBT uses quadrupoles for focusing, and is made long to allow the use of extensive diagnostics. We are redesigning this section so that it will be much shorter and will use solenoid focusing. This modified LEBT will provide a better match to the new circular-aperture source and to the cylindrical column, with no penalty paid in matching to the RFQ.
One phenomenon that causes problems in the beam transport section downstream of the source is a 15 per cent oscillation in the H-current. 5 The average beam current in this region is space-charge neutralized. However, the current oscillations produce a maximum 4-mA variation in effective nonneutralized current. This results in a variable spacecharge force in the LEBT line that changes the orientation of the phase-space distribution, thus leading to an apparent beam emittance growth. We can solve this problem by decreasing the time for beam spacecharge neutralization. This is accomplished upstream of the column (where the problem is most severe) by introducing xenon gas at a density of 1012/cm3. This section must be kept short to avoid significant electron stripping of the H-beam. The effect on emittance growth due to beam current fluctuations as a function of xenon density is shown in Fig. 4 . We can reduce the emittance growth by at least a factor of 2 by introducing xenon gas and by shortening the transport section. (see Fig. 5 ) from which we obtain the potential function found in the literature.8
RFQ very susceptible to unwanted modes. The required RFQ vane machining tolerances scale according to the ratio (RFQ vane length/rf wave length).2 Our RFQ is particularly sensitive to a dipole mode. This sensitivity will be removed by installing coupling rings to short out opposing vanes together at intervals along the RFQ. The design power-balance ratio between the RFQ driving manifold and the RFQ has proved to be a problem. Small amounts of beam immediately shut off the machine in the design mode. There is, however, a nearby nearly identical resonant mode, exhibiting a radically different power balance between the RFQ and the manifold (manifold/RFQ power = 7/1), which is insensitive to beam power.
With this other mode, we are able to put enough power in the RFQ to transport the beam; however, the klystron power supply does not have enough power with this mode to provide phase-stable acceleration. pole piece to eliminate the nonquadrupole modes. The experimental results obtained with four quadrupoles, after a single iteration, is shown in Fig. 7 . This 1-to-2 order-of-magnitude reduction in unwanted modes is typical for this technique.
VII. CONCLUSION
We have a design for a linear accelerator to produce a 100-mA H-beam at 50 MeV, with a normalized rms emittance of 0.027r cm-mrad in both transverse phase planes. Our preliminary data from the prototype indicate that this is a valid design.
We moved the wave guide tunning stubs closer to the RFQ manifold and changed the Klystron to RFQ drive coupling from 1.2:1 undercoupled to 1.7:1 overcoupled. This changed removed the RFQ beam sensitivity in the design mode and allowed the beam to be accelerated.
